RIG-I-like receptors (RLRs) activate host innate immune responses against virus infection through recruiting the mitochondrial adaptor protein MAVS (also known as IPS1, VISA, or CARDIF). Here we show that MAVS also plays a pivotal role in maintaining intestinal homeostasis. We found that MAVS knockout mice developed more severe mortality and morbidity than WT animals in an experimental model of colitis. Bone marrow transplantation experiments revealed that MAVS in cells of nonhematopoietic origin plays a dominant role in the protection against colitis. Importantly, RNA species derived from intestinal commensal bacteria activate the RIG-I-MAVS pathway to induce the production of multiple cytokines and antimicrobial peptides, including IFN-β and RegIIIγ. These results unveil a previously unexplored role of MAVS in monitoring intestinal commensal bacteria and maintaining tissue homeostasis.
T he mammalian intestine is colonized by trillions of microorganisms, including bacteria, fungi, and viruses (1, 2) . Commensal bacteria constitute the dominant microbial population and contribute to host physiology and health in many ways, including enhancing digestive efficiency, sculpting the gut-associated lymphoid system, and blocking pathogen invasion. However, abnormal interactions between the intestinal mucosal system and luminal microbiota may lead to sustained inflammation, an important mechanism for human inflammatory bowel disease (3, 4) .
In recent years, accumulating evidence has suggested a central role of innate immunity in the homeostasis of the gastrointestinal tract and the pathogenesis of inflammatory bowel disease. The mammalian innate immune system employs pattern-recognition receptors (PRRs), including Toll-like receptors (TLRs), NODlike receptors (NLRs) and retinoic acid inducible gene-1 (RIG-I)-like receptors (RLRs), for the detection of pathogens (5, 6) . TLRs are localized on the cell surface and endosomal membranes and NLRs and RLRs reside in the cytoplasm. TLRs recognize microbial ligands, such as LPS, nucleic acids, and peptidoglycans. Ligand binding triggers the association of these receptors with adaptor molecules, such as myeloid differentiation primary response gene 88 (MyD88) and TIR domain-containing adaptorinducing IFN-β (TRIF), which subsequently activate a number of transcriptional factors, including NF-κB and IRF3. Some NLRs detect bacterial peptidoglycans and activate NF-κB, whereas others activate the inflammasome, which leads to the production of cytokines, such as IL-1 and IL-18. The RIG-I pathway senses cytoplasmic viral RNAs to elicit the production of type I interferons (IFN-α/β). RIG-I recruits MAVS, a mitochondria-localized antiviral protein (also known as IPS1, VISA, and CARDIF), which acts as an essential adaptor to activate the downstream transcription factors IRF3 and NF-κB (7) (8) (9) (10) (11) . Both 5′-triphosphate and double-stranded structures of RNAs have been identified as the structural elements important for recognition by RIG-I (12) (13) (14) (15) . Using RIG-I, MDA5 (a homolog of RIG-I), and MAVS knockout mice, genetic studies have clearly demonstrated the essential function of the RIG-I-MAVS pathway in antiviral immune defense (16) (17) (18) .
Besides their role in antimicrobial defense, TLRs and NLRs are crucial for the homeostasis of gastrointestinal epithelium. Using MyD88 and TLR knockout mice, it has been demonstrated that the TLR pathway is essential for mouse survival during dextran sulfate sodium salt (DSS)-induced colitis (19, 20) . These important findings show that TLR-mediated signaling is not only involved in microbial sensing and inflammatory response, but also controls intestinal epithelial homeostasis and prevents tissue injury. The role of NLRs in controlling intestinal homeostasis is best illustrated by the mutations of NOD2 that are closely linked to Crohn disease (21, 22) . Recent studies also provide evidence that loss-of-function mutations of the inflammasome sensitize mice to DSS-induced colitis (23, 24) .
Emerging evidence has also suggested a role of the RIG-I pathway in the gut. RIG-I is expressed at the apical surface of intestinal epithelium in biopsies from human colonic tissues (25) . Moreover, RIG-I knockout mice have increased sensitivity to chemical-induced colitis and are defective in antibacterial defense (26, 27) . However, the mechanism by which RIG-I regulates intestinal inflammation remains poorly understood. In particular, the relationship between the RIG-I pathway and intestinal commensal bacteria is not clear.
In this article, we show that Mavs-deficient mice are highly susceptible to DSS-induced colitis and that MAVS in cells of nonhematopoietic origin mediates protection against intestinal injury. Furthermore, we demonstrate that RNA species derived from commensal bacteria in the gastrointestinal tract act as a ligand for RIG-I and induce an immune response through MAVS. These results demonstrate that the RIG-I-MAVS pathway is not only essential for immune defense against viral infection, but also controls tissue homeostasis by monitoring commensal bacteria.
Results

Mavs
−/− Mice are Highly Susceptible to DSS-Induced Colitis. To investigate the potential role of MAVS in tissue homeostasis, we used a colitis model induced by DSS that works primarily through disruption of colonic epithelium (28) . In pilot experiments, we found that male Mavs −/− mice were more sensitive to DSS-induced mortality than female mice (Fig. S1B) . Therefore, in all subsequent experiments, 6-to 10-wk-old male mice were used. Four groups of mice, WT, Mavs up to the 21st day. Mavs −/− mice showed dramatically increased mortality (10 of 17, or 59%, of mice died) (Fig. 1A) and severe weight loss starting on the sixth day (Fig. 1B) . Under the same condition, almost all WT mice (15 of 16 mice) survived and the weight loss was more modest compared with the mutant mice. Consistent with a previous report (19) 10 . To analyze the morphology and histology of the colons and spleens, we harvested these organs after the mice were treated with 2% DSS for 7 d followed by 1 d with normal drinking water. As shown in Fig. 1C , the colon lengths were similar among mocktreated animals, but DSS treatment led to a significant reduction in length, which was more evident in all of the mutant mice. In addition, enlarged spleens were observed in DSS-treated mutant animals but not in mock-treated mice or DSS-treated WT mice. We further analyzed pathological changes of the colons by histology. H&E staining of the colons showed that after DSS-treatment, WT mice had more leukocyte infiltration and more remaining epithelium than all of the mutant animals (Fig. 1D) . Naive mice, regardless of genotype, showed no signs of spontaneous colitis clinically and histopathologically (data not shown). Mavs 
−/− mice were also more susceptible than WT mice to lower concentration of DSS (1%) (Fig. S1A) .
To determine the role of commensal bacteria in the pathogenesis, we treated animals with antibiotics (ampicillin, metronidazol, neomycin, and vancomycin) in the drinking water for wk, followed by 2% DSS for 7 d. Consistent with previous reports (19) , depletion of commensal bacteria by antibiotics in WT mice led to dramatically increased mortality (Fig. S2A ), indicating that commensal bacteria protect the mice from DSS-induced colitis. Furthermore, germ-free mice had increased susceptibility to DSS treatment, which might be partly because of decreased proliferation potential of intestinal epithelial cells ( Fig. S2 B and C) (see also ref. 19 ). The antibiotic treatment did not rescue the DSS-induced mortality of MAVS knockout mice, suggesting that the death of the animals was not simply because of bacterial overgrowth. Rather, the commensal bacteria might have a protective role, and the Mavs-deficiency might result in an inability to repair DSS-induced tissue damage, which caused the death.
MAVS in Nonhematopoietic Cells Is Critical for Protection Against
Colonic Epithelial Damage. The interaction between epithelial cells and their surrounding stromal cells is an important mechanism for tissue regenerative responses. To examine the relative contribution of cells of hematopoietic versus epithelial origin for protection from DSS-induced colitis, we generated bone marrow chimeric mice expressing MAVS in either of the two compartments. All mice used in bone marrow transplantation experiments were C57BL/6J or had been crossed to C57BL/6J background for more than 10 generations. Control experiments using congenic surface markers CD45.1 and CD45.2 showed that the chimeric mice contained 80% to 90% of the donor cells (Table S1 ). Transplantation of Mavs −/− bone marrow to irradiated WT mice did not cause these mice to become more sensitive to DSS-induced mortality ( Fig. 2A) . In reciprocal transplantation, WT bone marrow provided only limited protection to MAVS knockout mice (Fig. 2B) . Similar results were also observed in WT animals reconstituted with bone marrow from double-knockout (MyD88
) mice. The efficiency of chimerism in spleen and intestine was around 95% and 85%, respectively (Fig. S3 ). These findings indicate that MAVS expression in nonhematopoietic cells plays a dominant role in the resistance of gut epithelium to insults. However, we cannot rule out the possibility that residual radiationresistant hematopoietic cells such as lamina propria macrophages may contribute to the prevention of DSS-induced colitis.
RNA Species from Intestinal Commensal Bacteria Stimulate the RIG-I-MAVS Pathway. Although it is well known that viral RNA activates the RIG-I pathway, it is not clear whether bacterial RNA could also function as a RIG-I ligand. Like viral RNA, bacterial RNA is expected to contain 5′-triphosphate and some secondary structures that are hallmarks of a RIG-I ligand (29) . However, RNA isolated from some Escherichia coli strains does not induce IFN-β, although it is capable of inducing inflammatory cytokines, including TNF-α and IL-1β (30) . Because mice deficient in type-I IFN receptor (IFN-α/βR −/− ) are also highly sensitive to DSS-induced colitis (31), we examined whether commensal bacterial RNA could induce IFN-β through the RIG-I-MAVS pathway. Total RNA from feces collected from conventionally reared mice were transfected into a HEK293T cell line stably integrating a luciferase reporter driven by the IFN-β promoter (32) . As shown in Fig. 3A , the feces RNA strongly induced the IFN-β reporter, and this activity was abolished by treatment with shrimp alkaline phosphatase (SAP), which removes 5′-triphosphate, or with RNase III, which digests doublestranded RNA. Transfection of feces RNA into WT, but not RIG-I-deficient, mouse embryonic fibroblast cells led to a robust induction of IFN-β mRNA (Fig. 3B) . Control experiments showed that RNAs from mouse liver and several E. coli strains (e.g., DH5α, TOP10) did not induce IFN-β (Fig. S4 A and B) . Furthermore, transfection is required for IFN-β-inducing activity of feces RNA or RNA isolated from Listeria monocytogenes (Fig. S4C) . These results suggest that the feces RNA contain 5′-triphosphate and dsRNA segments that activate RIG-I. Transfection of feces RNA isolated from conventionally raised mice into bone marrow-derived macrophages (BMDM) also strongly induced IFN-β (Fig. 3C) . To determine if commensal bacterial RNA was responsible for inducing interferons, we isolated feces RNA from antibiotic-treated mice as well as germ-free mice. We noted that the amounts of RNA isolated from the feces of antibiotic-treated or germ-free mice were much reduced (>100-fold less) compared with those from conventionally raised mice (Table S2) . However, even if we used the same amount (1 μg) of RNA, those from bacteria-depleted mice were devoid of IFN-inducing activity (Fig. 3C) , indicating that commensal bacterial RNA was responsible for IFN induction. ELISA experiments showed that the bacterial RNA induced the production of IFN-β protein in BMDM in a manner that depends on MAVS, but not MyD88 or TRIF (Fig. 3D and Fig. S4D ). Transfection of feces RNA into the intestinal epithelial cell line HT-29 also led to a marked induction of IFN-β (Fig. 3E) . To determine the types of bacteria that could generate IFN-inducing RNA, the fecal bacteria from WT mice were cultured in vitro under aerobic and anaerobic conditions and then RNA was extracted. Similar to RNA isolated from the intracellular bacterium L. monocytogenes, RNA from the fecal bacteria grown under both conditions was able to induce IFN-β in BMDM (Fig. S5) . We also isolated RNA from Lactobacillus salivarius (LAB), a Gram-positive facultative anaerobic bacterium commonly found in the gastrointestinal tract. Strikingly, LAB RNA strongly induced IFN-β in the mouse macrophage cell line Raw264.7, and this activity was abolished by -RNase V1, which cleaves RNA containing double-stranded regions (Fig. 3F, Left) . Transfection of LAB RNA into BMDM from WT and Mavs mice showed that IFN-β induction by the RNA was dependent on MAVS (Fig. 3F, Right) . Taken together, these results strongly suggest that RNA species from commensal bacteria function as a bona fide RIG-I ligand and induce IFN-β through MAVS.
To determine if and how feces RNA induces proinflammatory cytokines, BMDM from WT or mutant mice lacking either Mavs or MyD88, or both, were transfected with feces RNA or incubated in the presence of LPS, and then the production of different cytokines was measured by quantitative RT-PCR (qRT-PCR). The induction of all cytokines, including IFN-β, TNF-α, IL-6, and IL-1β by the feces RNA was dependent on MAVS (Fig.  4) . Interestingly, although IFN-β induction by the feces RNA was partially reduced in MyD88 −/− mice (Fig. 4A) , the induction of TNF-α, IL-6, and IL-1β was abolished in the absence of MyD88 (Fig. 4 B-D) . Thus, both MyD88 and MAVS regulate the induction of inflammatory cytokines in response to commensal bacterial RNA. In contrast to feces RNA, LPS induced TNF-α, IL-6, and IL-1β through a mechanism dependent on MyD88, but not MAVS. The induction of IFN-β by LPS was further enhanced in the absence of MyD88 and MAVS, suggesting the possibility of a compensatory up-regulation of the TRIF pathway, which can induce IFN-β (5).
RegIIIγ is a secreted C-type lectin exhibiting potent antimicrobial activities (33) . Colonization by commensal bacteria in the gut has been shown to strongly induce RegIIIγ through the MyD88-mediated pathway, with the highest expression in the distal region (ileum) of the intestine (33) (34) (35) . To determine if commensal bacterial RNA could induce RegIIIγ, HT-29 cells were transfected with feces RNA and the expression of RegIIIγ measured by qRT-PCR. Similar to stimulation with LPS and the dsRNA analog poly(I:C), the feces RNA induced RegIIIγ expression (Fig. 5A) . Treatment of the feces RNA with SAP or RNaseIII abolished its ability to induce RegIIIγ (Fig. 5A, Right) , suggesting that 5′-triphosphate and dsRNA regions of feces RNA are required for RegIIIγ induction. Immunoblotting of protein extracts from the ileum of conventionally raised mice showed that RegIIIγ was expressed in WT mice, but this expression was markedly reduced in mice lacking Mavs, MyD88, or both (Fig. 5B) . We also observed that chaperons, such as BiP and HSP70, were reduced significantly only in MyD88 −/− Mavs −/− mice (Fig. 5B) . Following DSS damage, the expression of RegIIIγ was also much higher in WT than in Mavs −/− mice (Fig. 5C) . Similarly, colon culture experiments indicated that the level of IL-6 protein was lower in Mavs −/− mice than in WT mice (Fig. S6) . Taken together, these results show that MAVS is critical for the expression of RegIIIγ as well as cyto-protective cytokines and proteins in mouse intestine.
Discussion
In this article, we show that, similar to MyD88, MAVS is essential for protecting mice from DSS-induced colitis and death. Furthermore, we demonstrate that RNA species derived from intestinal commensal bacteria act through the RIG-I-MAVS pathway to produce effector molecules, including interferons, cytokines, and antimicrobial peptides. Thus, RIG-I is capable of detecting both viral and bacterial RNA ligands. Our results suggest that the RIG-I pathway is not only involved in innate immunity against viral and bacterial infections, but also plays a key role in monitoring commensal bacteria and maintaining intestinal homeostasis.
Although the role of IFNs, cytokines, and antimicrobial peptides in immune defense against microbial pathogens is well established, how these molecules maintain tissue homeostasis is just beginning to be unraveled (36, 37) . Recent studies have demonstrated a critical role of the JAK-STAT pathway in stem cell proliferation in the gut and intestinal epithelia homeostasis in mice, as well as in Drosophila (37). IFNs have also been shown to activate dormant stem cells (38) . Moreover, IFN receptor-deficient (IFN-α/βR −/− ) mice are highly susceptible to DSS-induced colitis (31) . These findings suggest that defective production of type-I IFNs in Mavs-deficient mice is an important factor that contributes to colitis. We tried to rescue Mavs −/− mice from DSS-induced colitis by administration of IFN-β or TLR ligands, such as LPS and poly(I:C). However, these treatments proved to be insufficient to reduce the mortality from DSS-induced colitis (Fig. S7) . Thus, other factors regulated by MAVS, such as immune cytokines and antimicrobial peptides, are also important in preventing experimental colitis. It is likely that the RIG-I-MAVS pathway controls the production of multiple effector molecules that function together to maintain tissue homeostasis and facilitate the regeneration of the intestinal mucosa. Given the critical role of MAVS in immune response to commensal bacteria, it is possible that the compositions of microbiota in MAVS-deficient mice may differ from those of the WT mice and such difference may contribute to the colitis phenotypes in MAVS-deficient mice. A systemic analysis of microbiome in these mice could yield interesting results.
Recent studies have suggested that TLRs and NLRs are involved in the detection of intestinal commensal bacteria, which are critical in shaping the host immune system (6). Our study provides another mechanism of bacterial detection in the gut through the RIG-I pathway. We show that commensal bacterial RNA is a functional ligand of RIG-I that strongly induces the production of IFNs and cytokines through MAVS. Although prokaryotic RNA is expected to contain 5′-triphosphate and duplex regions in the secondary structure, certain bacterial RNAs lack the ability to induce IFN-β (30) . Currently it is not understood why some bacterial RNAs induce IFN-β, whereas others do not. One possibility is that some bacterial RNAs contain modifications that prevent them from functioning as a RIG-I ligand. In any case, it is unlikely that the IFN-inducing activity we observed resulted from some animal viruses in the gut, because RNA from antibiotic-treated mice did not induce IFNs (Fig. 3C) . Although we cannot completely rule out the possibility that some intestinal bacteriophages may engage the RIG-I pathway, we found that RNA isolated from an E. coli strain (K91) harboring a λ-(M15) phage failed to induce IFN-β in BMDM. It is also possible that some bacterial DNA could be converted by cellular RNA polymerase III to 5′-triphosphorylated RNA, which in turn activates the RIG-I-MAVS pathway (32, 39) . However, in many cell types, cytosolic DNA could activate a MAVS-independent pathway that involves the endoplasmic reticulum adaptor protein STING (also known as MITA) (40) . It will be interesting to determine whether the interaction between commensal bacterial DNA and the host innate-immune system (i.e., MAVS and STING) could play a role in maintaining intestinal tissue homeostasis.
Our bone-marrow chimera experiments show that MAVS in nonhematopoietic, rather than hematopoietic cells, play a dominant role in suppressing DSS-induced colitis. Similarly, a recent report showed that MyD88 in nonhematopoietic cells is important for protection against DSS-induced colitis (34) . These results suggest that intestinal epithelial cells, which are constantly exposed to the microbial community, are involved in detecting commensal bacteria to activate MAVS. Despite their in- 
Mavs
−/− mice were bred and maintained under specific pathogen-free conditions in the animal care facility of University of Texas Southwestern Medical Center at Dallas. Germ-free C57BL/6 mice were maintained in plastic gnotobiotic isolators, as previously described (41) . These strains were maintained as C57BL/6J and 129SvEv mixed background. The generation of Mavs −/− mice has been previously described (18) . Mavs −/− mice have been backcrossed into C57BL/6J background for more than 10 generations. MyD88 −/− mice on C57BL/6 background were kindly provided by Shizuo Akira (Osaka University, Osaka, Japan). Unless otherwise indicated, the mice used in the experiments were 6-to 10-wk-old male mice on mixed background. All mice were engineered, housed and used according to the experimental protocols approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center.
Induction of Colitis with DSS. Sex-and age-matched animals received 2% DSS (molecular weight 36,000-50,000; MP Biomedicals) in drinking water for 7 d. The amount of DSS water consumed per animal was noted; there was no marked difference between experimental groups. For survival studies, mice were monitored every day up to 21 d postinitiation of DSS-treatment. For weight-change studies, the percentage of weight loss of animals was determined through the following equation: weight loss (%) = 100 × (weight at the x th day -weight on the 0th day)/(weight on the 0th day). Animals were also monitored for rectal bleeding, diarrhea, and general signs of morbidity, including hunched posture and failure to groom.
Statistics. The statistical analysis was done using software GraphPad Prism 5. P value <0.05 was considered statistically significant. Additional methods and supplementary figures can be found in the SI.
